Mutation in KIF1B, a kinesin superfamily motor protein, causes a peripheral neuropathy known as Charcot-Marie-Tooth disease type 2A (CMT2A). Little is known, however, about how a defective KIF1B gene leads to CMT2A. Here we report that KIF1B␣, one of the two splice variants of KIF1B, directly interacts through its C-terminal postsynaptic density-95 (PSD-95)/ discs large/zona occludens (PDZ) domain-binding motif with PDZ proteins including PSD-95/synapse-associated protein-90 (SAP90), SAP97, and synaptic scaffolding molecule (S-SCAM)-90 (SAP90). KIF1B␣ selectively interacts with PSD-95, SAP97, and S-SCAM in yeast two-hybrid, pull-down, and in vivo coimmunoprecipitation experiments. KIF1B␣, SAP97, and S-SCAM are widely distributed to both dendrites and axons of cultured neurons and are enriched in the small membrane fraction of the brain. In the flotation assay, KIF1B␣ cofractionates and coimmunoprecipitates with PSD-95, SAP97, and S-SCAM. These results suggest that the PSD-95 family proteins and S-SCAM have a novel function as KIF1B␣ receptors, linking KIF1B␣ to its specific cargos, and are involved in peripheral neuropathies.
The postsynaptic density (PSD)-95/synapse-associated protein-90 (SAP90) family of proteins and synaptic scaffolding molecule (S-SCAM) are postsynaptic density-95 (PSD-95)/discs large/zona occludens (PDZ) domain-containing proteins that play an important role in the assembly of the synaptic multiprotein complex (Garner et al., 2000; Kennedy, 2000; Scannevin and Huganir, 2000; Sheng and Sala, 2001; Tomita et al., 2001) . In contrast to their suggested roles at synaptic sites, a number of biochemical and electron microscopic (EM) studies have shown that the four known members of the PSD-95 family exhibit a diverse subcellular distribution in dendrites and axons of neurons (Hunt et al., 1996; Koulen et al., 1998a,b; Sans et al., 2000 Sans et al., , 2001 Valtschanoff et al., 2000; Aoki et al., 2001; Valtschanoff and Weinberg, 2001 ). In addition, a significant fraction of S-SCAM, a multi-PDZ protein known to interact with membrane proteins including the Kv1.4 potassium channel, the NMDA receptor 2B (NR2B) subunit of NMDA receptors, and neuroligin, is recovered in nonsynaptosomal fractions (Hirao et al., 1998) . These results strongly suggest that members of the PSD-95 family (termed PSD-95 relatives hereafter) and S-SCAM have novel functions at nonsynaptic sites.
The kinesin superfamily (KIF) motors mediate microtubuledependent transport of a variety of organelles and vesicles (Goldstein and Yang, 2000; Miki et al., 2001) . KIF1B (now called KIF1B␣), a member of the UNC-104/KIF1 family of kinesin motors (for review, see Bloom, 2001 ), was originally reported as a motor transporting mitochondria (Nangaku et al., 1994) . Recently, a longer splice variant of KIF1B (KIF1B␤) (Conforti et al., 1999; Gong et al., 1999; Zhao et al., 2001 ) has been shown to associate with synaptic vesicles containing synaptophysin, synaptotagmin, and SV2 (Zhao et al., 2001) . Importantly, genetic targeting of the KIF1B gene causes a substantial decrease in the survival of neurons and perinatal death in kif1bϪ/Ϫ mice as well as progressive muscle weakness in heterozygote mice (Zhao et al., 2001) . In addition, a loss-of-function point mutation in the motor domain of KIF1B was detected in human patients with Charcot-Marie-Tooth disease type 2A (CMT2A) (Zhao et al., 2001) , an autosomal dominant subtype in CMT disease, the most common form of inherited peripheral neuropathies, which is characterized by clinical symptoms including muscular weakness and atrophy. Although the association of KIF1B with neuronal survival and peripheral neuropathies is evident, little is known about how a defective KIF1B gene leads to the severe phenotypes.
We noticed that the C terminus of KIF1B␣ (RETTV) contains a potential class I PDZ domain-binding motif, S/T-X-V (S/T, Ser or Thr; X, any amino acids; V, hydrophobic amino acids) (Sheng and Sala, 2001 ). Our yeast two-hybrid screen of a rat brain library using the KIF1B␣ C terminus as bait pulled out various PDZ proteins, including members of the PSD-95 family and S-SCAM. Here we report lines of evidence supporting the specific association of KIF1B␣ with PSD-95 relatives and S-SCAM in vitro and in vivo. Our results suggest that PSD-95 relatives and S-SCAM, as KIF1B␣ receptors, are involved in the KIF1B␣-mediated transport of neuronal proteins.
MATERIALS AND METHODS
Yeast two-hybrid anal ysis. The two-hybrid assay was performed as described previously (K im et al., 1995) . The last 7 aa residues (amino acids 1144 -1150; AGRETTV) of K I F1B␣ in pBHA bait vector were used in the screen. For the yeast two-hybrid assay against various PDZ domains, wild-type and mutant (the last amino acid V to A) K I F1B␣ (amino acids 1083-1150) in pBHA were used. The PDZ domains in pGAD10 are as follows: PDZ1 (amino acids 203-327), PDZ2 (304 -425), and PDZ3 (454 -553) of SAP97; PDZ0 (16 -103), PDZ1 (424 -505), PDZ2 (607-683), PDZ3 (777-863), PDZ4 (919 -1023), and PDZ5 (1139 -1224) of S-SCAM; Shank1 PDZ (585-691); PDZ1-2 (51-245) and PDZ2-3 (148 -339) of glutamate receptor-interacting protein-2 (GRI P2) and PDZ1 (13-106) and PDZ2 (142-249) of Na ϩ /H ϩ exchanger regulatory factor-1 (N H ERF1). The pGAD10 constructs containing the PDZ domains of PSD-95 have been described previously (K im et al., 1995) .
Antibodies. Anti-peptide K I F1B␣ antibodies were raised against the following synthetic peptides: DII DTSMGSLTSSPSSC (amino acids 384 -400; rabbit 1161) and CQFSAPN L K AGRETTV (amino acids 1136 -1150; guinea pig 1189; C, added for coupling). Anti-f usion protein polyclonal antibodies were generated using H6-K I F1B␣ (amino acids 911-1150; guinea pig 1183), H6-S-SCAM (amino acids 341-711; rabbit 1146), and glutathione S-transferase (GST)-Homer-1a (amino acids 1-186; rabbit 1133) as immunogens, respectively. The following antibodies have been described previously: PSD-95 (HM319) (K im et al., 1995) , PSD-95 (SM55) (Choi et al., 2002) , SAP97 (B9591) (K im et al., 1996) , liprin-␣ (1127) (H. Shin and E. K im, unpublished observations), and GRI P (C8399 and 1756) (Wyszynski et al., 1998) . The following antibodies were obtained from commercial sources: N R1 (PharMingen, San Diego, CA), M AP2 (Sigma, St. L ouis, MO), PSD-95 (K28/86; Upstate Biotechnology, Lake Placid, N Y), and synaptotagmin (Sigma).
P ull-down assay. C OS cell lysates precipitated with GST-K I F1B␣ (amino acids 987-1150) were analyzed by PSD-95 (HM319; 1:1000), S-SCAM (1146; 1:500), SAP97 (B9591; 1:500), liprin-␣ (1127; 1 g /ml), and GRI P (1756; 1:500) antibodies. For pCDNA3 S-SCAM, amino acids 1-1277 of S-SCAM␣ were amplified from marathon-ready cDNA (C lontech, Palo Alto, CA) and subcloned into pCDNA3. For GW1 GRI P2, amino acids 29 -1043 of GRI P2 were subcloned into GW1 containing a myc tag. Other expression constructs [PSD-95 (K im et al., 1995) and SAP97 (K im and Sheng, 1996)] have been described previously.
Neuronal staining. Cultured hippocampal neurons were fixed with 4% paraformaldehyde, permeabilized by methanol, and incubated with primary antibodies [K I F1B␣ (1189; 3 g /ml), PSD-95 (SM55; 3 g /ml), SAP97 (B9591; 3 g /ml), S-SCAM (3 g /ml), and M AP2 (1:200)], followed by C y3-or FI TC -conjugated secondary antibodies. Neuronal images were captured by confocal laser scanning microscopy (L SM510; Z eiss, Oberkochen, Germany).
Subcellular f ractionation and immunoprecipitation. Subcellular fractionation of rat brain proteins was performed as described previously (Wyszynski et al., 1998) . For coimmunoprecipitation with the S2 fraction, samples in binding buffer (25 mM H EPES, 120 mM KC l, 1 mg /ml BSA, 0.1% Triton X-100, pH 7.4) were incubated with K I F1B␣ antibody (1183; 10 g /ml) or guinea pig IgG, precipitated with protein A-Sepharose, and analyzed with K I F1B␣, the PSD-95 family (K28/86; 1 g /ml), S-SCAM, and GRI P (C8399; 1 g /ml) antibodies.
Flotation assay and coimmunoprecipitation. Six-week-old rat brains were homogenized in ice-cold homogenization buffer (0.32 M sucrose, 4 mM H EPES, pH 7.3) and centrif uged at 800 ϫ g for 20 min. The supernatant was added to nine volumes of H 2 O to obtain a hypotonic shock that would disrupt synaptosomes, followed by centrif ugation at 25,000 ϫ g for 20 min. After additional centrif ugation of the supernatant at 200,000 ϫ g for 1 h, the pellet was resuspended in 2 M sucrose solution in homogenization buffer and loaded at the bottom of a discontinuous sucrose gradient of 0.3, 1.0, and 1.6 M. After centrif ugation at 350,000 ϫ g for 3 h, fractions were analyzed by immunoblotting with antibodies against K I F1B␣, PSD-95 (SM55; 1 g /ml), SAP97 (1 g /ml), S-SCAM (1 g /ml), N R1 (1 g /ml), synaptotagmin (1:1000), GRI P (C8399), and Homer-1 (1:1000). Coimmunoprecipitation on the floated fractions was performed as described above. The precipitates were analyzed by immunoblotting with K I F1B␣, PSD-95 (SM55), SAP97, S-SCAM, synaptotagmin, and GRI P (C8399) antibodies.
RESULTS

Interaction of KIF1B␣ with PSD-95, SAP97, and S-SCAM in the yeast two-hybrid and pull-down assays
To identify binding partners of the C terminus of KIF1B␣, a rat brain cDNA library was screened using the last seven amino acid residues of KIF1B␣ as bait. A screen of 1 ϫ 10 6 yeast colonies were pulled down by GST-KIF1B␣ C terminus (CT) (last 165 residues) or GST alone (negative control).
GST-KIF1B␣ C terminus specifically pulled down PSD-95, SAP97, and S-SCAM but not GRIP2 and liprin-␣1. Input: 10%.
pulled out PSD-95, SAP97, and S-SCAM (five, three, and two identical clones, respectively) ( Fig. 1 A) . Mutation of the last amino acid residue of KIF1B␣, valine to alanine, abolished or significantly reduced its interaction with the positive clones, suggesting that the C terminus of KIF1B␣ directly interacts with the PDZ domains (Fig. 1 A) . In addition, KIF1B␣ specifically interacted with the PDZ domains of PSD-95, SAP97, chapsyn-110/ PSD-93, and S-SCAM, but not Shank1, GRIP2, and NHERF1 (Fig. 1 B) . In the pull-down assay, the GST-KIF1B␣ C terminus specifically brought down PSD-95, SAP97, and S-SCAM but not GRIP2 and liprin-␣1 (Fig. 1C) , consistent with the two-hybrid results. Pull-down efficiency was consistently higher in S-SCAM and PSD-95 relative to SAP97.
Overlapping distribution of KIF1B␣ with PSD-95, SAP97, and S-SCAM in cultured neurons
Because subcellular distribution patterns of the PSD-95 family proteins have been extensively characterized at EM levels, we focused on determining the subcellular distribution patterns of KIF1B␣ and S-SCAM and their overlapping localization. To this end, we generated three independent KIF1B antibodies; two against the regions specific for KIF1B␣ (1183 anti-fusion protein and 1189 anti-peptide) and one against a region common for KIF1B␣ and KIF1B␤ (1161 anti-peptide) (Fig. 2 A) . The KIF1B antibodies were characterized by immunoblot analysis on COS cells and rat brain samples (Fig. 2 B) , because KIF1B␣ proteins are expressed in various tissues including kidney and brain (Nangaku et al., 1994) . All three antibodies recognized a common band of KIF1B␣ (130 kDa) (Nangaku et al., 1994) , and the 1161 antibody recognized an additional band of ϳ200 kDa, the reported size of KIF1B␤ (Zhao et al., 2001 ). Immunohistochemistry on cultured hippocampal neurons with the 1189 antibody revealed a wide distribution of KIF1B␣ throughout the neuron, both in MAP2-positive dendrites as well as MAP2-negative axons (Fig. 2C1-C3) . Immunostaining with the 1183 antibody revealed an essentially identical pattern (data not shown). The staining pattern by the 1189 or 1183 antibody appears to be specific, because it was eliminated by preincubation of the antibodies with immunogens (Fig. 2C4 , an example of 1189 antibody block). These results indicate that KIF1B␣ is distributed to both dendrites and axons in cultured neurons. We also determined the subcellular distribution of PSD-95, SAP97, and S-SCAM (Fig. 2 D-F ). SAP97 and S-SCAM were distributed to both dendrites and axons, whereas PSD-95 was distributed primarily to dendrites. These results indicate that KIF1B␣ shows an overlapping distribution with PSD-95, SAP97, and S-SCAM in dendrites, but only with SAP97 and S-SCAM, not PSD-95, in axons.
Subcellular fractionation of KIF1B␣ and its coimmunoprecipitation with PSD-95 relatives and S-SCAM in brain
To obtain evidence that KIF1B␣ forms a complex with PSD-95 relatives or S-SCAM in vivo, we first determined their relative abundance in subcellular fractions of adult rat brain (Fig. 3A) . KIF1B␣ was more abundant in the S2 (supernatant after precipitation of the P2 crude synaptosomal fraction) than the P2 fraction. In addition, most of the KIF1B␣ proteins in the S2 fraction were partitioned to the small membrane or microsomal (P3) fraction rather than to the cytosolic (S3) fraction, indicating that KIF1B␣ is predominantly localized at nonsynaptic sites and is enriched in the small membrane fraction, consistent with its role as a motor protein transporting organelles and vesicles. PSD-95 was more abundant in the P2 fraction than in the S2 fraction, although most of the PSD-95 proteins in the S2 fraction were partitioned to the P3 fraction. The partition pattern of SAP97 was similar to that of PSD-95, although a relatively large fraction of SAP97 relative to the total was associated with the S2 and P3 fractions. Notably, S-SCAM was almost equally distributed to the S2 and P2 fractions, consistent with the previous results (Hirao et al., 1998) , and a significant portion of S-SCAM was also detected in the P3 fraction. These results indicate that, in the descending order of S-SCAM, SAP97, and PSD-95, relatively larger portions of proteins are associated with the small membrane fraction, suggesting that S-SCAM is more likely to be involved in the KIF1B␣-mediated neuronal transport than, for instance, PSD-95. We then determined whether KIF1B␣ forms a complex with PSD-95, SAP97, and S-SCAM in the brain by coimmunoprecipitation experiments on the detergent lysates of the S2 fraction of rat brain (Fig. 3B) . KIF1B␣ antibody coimmunoprecipitated PSD-95 relatives and S-SCAM but not GRIP, consistent with the two-hybrid and pull-down results (Fig. 1 ).
Cofractionation and biochemical association of KIF1BB␣ with PSD-95 relatives and S-SCAM in floated light membranes of brain
If PSD-95 and S-SCAM link KIF1B␣ to its vesicular cargos, these proteins should be recovered in vesicle-enriched light membrane fractions. First, we separated the light and heavy membranes from rat brain samples (Fig. 4 A) (see Materials and Methods for more details). When the light membranes were loaded at the bottom of a discontinuous sucrose gradient in the flotation assay, KIF1B␣ floated with PSD-95, SAP97, S-SCAM, NR1, and synaptotagmin, but not with Homer-1 (Fig. 4 B) . In addition, the floating was eliminated by adding detergent to the samples before flotation, indicating that the flotation requires intact membranes (Fig. 4 B) . To determine whether KIF1B␣ specifically associates with PSD-95 relatives and S-SCAM in the floated small membranes, we performed coimmunoprecipitation experiments on the detergent lysates of the floated fractions (fractions 2-5) (Fig. 4C) . KIF1B␣ antibody pulled down, in addition to KIF1B␣, proteins including PSD-95, SAP97, and S-SCAM, but not synaptotagmin and GRIP. The lack of coimmunoprecipitation of synaptotagmin, the protein associated with KIF1B␤ (Zhao et al., 2001) , confirms a specific association of KIF1B␣ with PSD-95, SAP97, and S-SCAM in the floated small membranes.
DISCUSSION
In the present study, we demonstrated that KIF1B␣ specifically associates with PSD-95 relatives and S-SCAM among the many PDZ proteins. Our results have three important implications. First, it is becoming increasingly clear that molecular motors associate with their cargos through intermediate "receptor" proteins, examples of which include adaptors, scaffolds, transmembrane proteins, GTPases, and other motors (Klopfenstein et al., 2000) . Our results suggest that PSD-95 and S-SCAM, two well known PDZ-containing scaffold proteins, may have unexpected function as KIF1B␣ receptors. Similarly, LIN-2/LIN-7/LIN-10 PDZ proteins have been shown to link KIF17, a dendrite-specific motor, to NMDA receptors (Setou et al., 2000) . The use of PDZ proteins as motor receptors may have the following advantages. First, PDZ proteins in general contain, in addition to the PDZ domain, various domains for protein interactions, enabling motors to interact with a large number of proteins. Second, PDZ proteins may help the cargo-PDZ protein-motor complex dock at its destinations. For instance, PSD-95 may dock at the synapse by interacting with cytoskeleton-associated or cell-adhesion proteins including cysteine-rich interactor of PDZ3 (Niethammer et al., 1998) and neuroligin (Irie et al., 1997) . Third, PDZ interactions may provide sites for modulation, because PDZ interactions are often regulated by phosphorylation (Sheng and Sala, 2001) .
Second, our results suggest that KIF1B␣ transports a large number of PSD-95 or S-SCAM-associated membrane or signaling proteins, including the Kv1.4 potassium channel (Kim et al., 1995) , NR2 subunits of NMDA receptors (Kornau et al., 1995) , and neuronal nitric oxide synthase (nNOS) (Brenman et al., 1996) . In support of this, a number of EM studies have shown that NR1 and NR2 subunits of NMDA receptors and nNOS occur nonsynaptically in the cytoplasm of axons and dendritic shafts (Aoki et al., 1993 (Aoki et al., , 1994 . Accordingly, the NR2B subunit of the NMDA receptor associates with moving vesicles (Setou et al., 2000) . The fact that NMDA receptors could be transported by two different motors, KIF17 (Setou et al., 2000) and KIF1B␣, suggests a redundancy mechanism for a physiologically important cargo. More importantly, our results demonstrated that KIF1B␣, unlike the dendrite-specific KIF17, is widely distributed in both dendrites and axons along with SAP97 and S-SCAM, and biochemically associates with SAP97 and S-SCAM. These results strongly suggest that KIF1B␣ plays an important role in the axonal transport of a variety of SAP97-and S-SCAM-associated cargos, such as Kv1.4.
Finally, our results suggest additional mechanisms for the pathophysiology of CMT2A. In a previous study, cultured kif1BϪ/Ϫ neurons exhibiting reduced survival and differentiation were rescued only by KIF1B␤, but not KIF1B␣, suggesting that KIF1B␤ plays a major role in cell survival in a cell-autonomous manner (Zhao et al., 2001) . Zhao et al. (2001) used a KIF1B␣ that is tagged with enhanced green fluorescent protein (EGFP) at its C-terminal end (KIF1B␣-EGFP) in their rescue experiments. There is a possibility, however, that the KIF1B␣-EGFP may not interact with PDZ domains, because the free C-terminal carboxylate group of PDZ-binding peptide in general plays a key role in binding to PDZ domains (Sheng and Sala, 2001) . Blocking the free carboxylate group by the addition of an extra amino acid residue at the C terminus of the PDZ-binding peptide has been shown to eliminate PDZ interaction (Xia et al., 1999) . Thus it remains to be determined whether KIF1B␣, along with PSD-95 relatives and S-SCAM, is also associated with neuronal survival, differentiation, and CMT2A peripheral neuropathy in a cellautonomous manner. Samples enriched with light membranes were loaded at the bottom of a discontinuous sucrose gradient and centrifuged for flotation. KIF1B␣ was recovered primarily in light fractions (fractions 2-5) along with PSD-95, SAP97, S-SCAM, NR1, synaptotagmin (Syntag), and GRIP, but not Homer-1. In control experiments, addition of Triton X-100 to samples before flotation eliminated the flotation. C, Coimmunoprecipitation of KIF1B␣ with PSD-95 relatives and S-SCAM in floated membranes. Floated fractions (2-5) in B were pooled, solubilized with detergent, and immunoprecipitated (IP) with KIF1B␣ antibody (1183) or guinea pig IgG (Gp IgG, control). The immunoprecipitates were analyzed by immunoblotting with antibodies against KIF1B␣, PSD-95, SAP97, S-SCAM, synaptotagmin (Syntag), and GRIP. KIF1B␣ coimmunoprecipitates with PSD-95, SAP97, and S-SCAM but not with synaptotagmin and GRIP. Input: 5%.
